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I. INTRODUCTION
Multiple-quantum-well (MQW) photodetectors using intersubband transitions have attracted a lot of studies over the past few years. 1 Transient spectroscopy allows us to gain information on the sequential-tunneling processes between quantum wells (QWs) and thus QW parameters, including geometrical and QW capacitances at the same time.
When a voltage is applied to a MQW structure, electrons respond by producing a sequential-tunneling current. The interesting thing is that a uniform-field distribution inside the MQW structure is not stable if injection and sequentialtunneling currents are quite different from each other. 2 With the existence of an imbalance between injection and sequential-tunneling currents, the uniform electric field is split into many local fields. The local electric fields which are constant inside barrier layers are all different from each other, leading to a distribution of nonuniform electric fields within the MQW structure. The distribution of npnuniform fields depends on the applied voltage, and is accompanied by a nonuniform distribution of electron densities in different QWs. When the voltage varies with time, the distribution of nonuniform fields evolves with time, giving rise to varying field domains. The difference between two local electric fields within neighboring barrier layers is determined by the charge-density deviation from the equilibrium value inside the sandwiched QW through the boundary condition containing the quantum-well capacitance.
, The MQW capacitance contains two parts. The first part is the geometrical capacitance which depends on the dielectric constant of the host semiconductors. The second part is the quantum capacitance which is attributed to the densityof-states of the two-dimensional electron gas in each QW. The geometrical capacitance is associated with classical ' Electronic mail: danhong.huangd@kirtland.af.mil 0021-8979/2003/94(6)/3703/9/S20.00 3703 charge fluctuations 2 after an ac voltage is applied. However, the quantum capacitance is related to the quantum charge fluctuations resulting from nonadiabatic space-charge-field effects. 3 ' 4 The nonadiabatic nature of these effects is due to the fact that the transient currents that appear depend not only on the time-dependent electric field, but also on its time derivative.
Most of the previous calculations on the distribution of field domains were limited either to dc voltage 5 or to ac voltage in steady state. Very few calculations were done for ac voltage in non-steady state. 4 In steady state, charge fluctuations are adiabatic, namely the time derivatives of the charge densities in the QWs at each moment are zero. The detected conduction current equals the injection current which is modified by the local field at the emitter barrier. However, the time derivatives of the charge densities are no longer zero in non-steady-state conditions. In this case, charge might be dynamically accumulated or depleted in the MQWs. Adiabatic charge fluctuations only depend on the instantaneous voltage at each moment, while nonadiabatic charge fluctuations depend on both the voltage and its time derivative.
When the sequential-tunneling current is low, the impurity or defect channels within the barrier will play a role. 6 However, this only modifies the resistance of the sample for the sequential tunneling of electrons. The nonadiabatic effects discussed in this article for electron tunneling remain the same. For the same reason, the variation in barrier width and alloy composition will not affect nonadiabatic effects discussed in this article. Moreover, the self-consistent Hartree model with nonadiabatic effects on non-steady-state electrons under an ac electric field in multiple quantum wells has proven that the nonadiabatic effect discussed in this work is related to a shaking of the Fermi level in the nonequilibrium distribution function of electrons 7 
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The adiabatic field-domain theory 2 ' 5 has been proven to be a great success to explain the quantitative difference between the experimental and uniform-field theoretical results at T-ll K and high voltages. On the other hand, the nonadiabatic tunneling model 4 under a uniform electric field has also been demonstrated successfully in explaining the experimentally found residual current 3 at zero ac voltage and T = 40 K. Therefore it is quite reasonable to expect that the combination of these two theories will provide a complete description for electron sequential tunneling in MQWs at temperatures either above 77 K or below 40 K. It has been found that the nonadiabatic behavior (nonzero residual current) observed in transient tunneling currents as a function of bias voltage 3 can not be simply explained by Levine's adiabatic sequential-tunneling model 1 even after the field-domain effecr has been included. Therefore we require a nonadiabatic sequential-tunneling model with the inclusion of the field-domain effect to explain related experimental results in a wide range of temperatures. This is the motivation for this work.
In this article, we generalize the previous theory 2 for studying the distribution of nonuniform fields in MQW p'hotodetectors under an ac voltage by including nonadiabatic space-charge-field effects. We find from numerical results that field-domain effects are only important at high temperatures or high voltages when both injection and sequentialtunneling currents are significant. On the other hand, we find that nonadiabatic effects included in the generalized theory become visible at low temperatures and low voltages when field-domain effects are negligible. The time duration for nonadiabatic effects is found to depend on the quantum capacitance, while the classical dielectric displacement current is found to be related to the geometrical capacitance. Moreover, a negative conduction current is predicted under a positive voltage in non-steady state. This article only discusses effects of classical and quantum charge fluctuations on the dark current in multiple-quantum-well photodetectors. However, these effects on photocurrent can be discussed in a similar way if we assume the tunneling current in this case to be the sum of the dark current and photocurrent.
The organization of the article is as follows. In Sec. n, we introduce our model for nonadiabatic charge-density fluctuations and the distribution of field domains in MQWs. Both classical and quantum charge fluctuations in QWs are formulated and studied. Numerical results and discussions are given in Sec. m for effects of classical and quantum charge fluctuations, including dependence on the total number of quantum wells N, temperature T, capture probability P c , time period t p , and amplitude £ 0 of an applied ac electric field, QW electron density n 2D , and contact-layer electron concentration n c . The article is briefly concluded in Sec. IV with some remarks..
II. MODEL AND THEORY
In this section, we first study the effects of field domains resulting from the imbalance between injection and sequential-tunneling currents and show that these effects become negligible at low temperatures. After that, we general- ize the adiabatic field-domain theory by including nonadiabatic space-charge effects resulting from quantum capacitance.
A. Classical charge fluctuations
Electrons in QWs are confined in the direction perpendicular to the wells, while electrons in heavily doped contact layers are free in all three directions. Therefore we expect the tunneling of electrons from a contact layer to a QW (3D-to-2D) will be physically different from that of one QW to another (2D-to-2D). ' As shown in Fig. 1 , we see that the distribution of uniform dc electric fields in (a) with £ 0 = £ x -£^ = • • • = £ N is not stable if the injection current flowing from the left contact layer to the first QW and the sequential-tunneling current flowing from the first QW to the second QW are different.
2 ' 5 ' 8 As an example, we assume in Fig. 1(b) that the injection current is smaller than the sequential-tunneling current. In this situation, the local field £ 0 in the first barrier (emitter barrier) layer has to be increased so as to equalize these two currents. As a result of £ 0 >fj = £ 2 =---= £ ;v , we know from Maxwell equations that the charge density in the first QW will be reduced relative to the others, 5 i.e., Pi<p 2 = P3=---= p A r. Now, let us further compare the tunneling currents flowing from the first QW to the second QW and that flowing from the second QW to the third QW. We realize from Fig. 1(c) that the tunneling current flowing from the first QW is less than that flowing from the second QW since p i < p 2 for £i = £ 2 . Therefore £ x > £ 2 =■ ■ • = £ N is required so as to equalize these two sequential tunneling currents. Consequently, we are left with p i < p 2 < P3 = • • • = p#. This process will continue up to the last (Mh) QW, as displayed in Fig. 1(d) , until the initial field distribution £ 0 >£ l >£ 2 >--->£ N and density distribution P\<Pi<pi<---<p N are reached. Here, the local field £,(r) is a constant in the jth. barrier layer, and the splitting of different local electric fields constructs the field domains in MQWs. The electric fields in different barrier regions in steady state will be redistributed if the total tunneling current flowing into the bottom contact layer is different from the injection current flowing out of the top contact layer. Therefore the above field-adjustment pro- cess will be repeated again and again until the total tunneling current to the bottom contact layer is equal to the injection current from the top contact layer, and then, a stable distribution of local fields is formed. It should be noted that the distribution of electric-field domains in steady state depends on the value of voltage applied at each moment. A variation of the applied voltage with time results in varying field domains, and charge-density oscillations in each QW as well.
The injection current density (3D-to-2D) from the contact layer to the first QW is calculated to be
where t is the time, m* is the effective mass of electrons, T is the electron (or lattice) temperature, L B is the thickness of the barrier, 7[2s,|£(r)|] is the quantum transmission of electrons 6 with kinetic energy E through a barrier biased by an electric field £{i), and the chemical potential fi Q in the contact layer is related to the electron concentration n c by
For low T, electrons in QWs can only populate the ground subband with quantized energy E 0 . Furthermore, the sequential-tunneling current density (2D-tc-2D) from the fcth QW to the neighboring (fc+ l)th QW is found to be (1) and (2) can be determined by the electron density n k (t) in the fcth QW through
which is measured from E 0 . In Eq. (2), v k \£ k {t)'\ is the drift velocity of electrons in the Mi barrier layer, given by
with the saturation velocity v s and saturation field £ s , respectively.
As explained in Fig. 1 , the distribution of field domains changes with the value of the voltage V b (i) applied to the sample. When V b {t) varies with time, the field domain moves adiabatically across the whole sample, accompanied by the charge density that fluctuates in QWs. In this case, the propagation of the charge-density fluctuation pj(t) = enj{t) can be described by the equation
where the small diffusion current 2 ' 8 is neglected, 0(x) equals one for JC>0 and zero for x=£0, 7 = 1, 2,...,N, and 0=£P C =£1 is the capture probability of electrons into the QW. P c depends on the MQW structure parameters and the electric field £ b across the MQW, and can be calculated through P c = [1 +2?" exp(-£ cp /£ 6 )] -1 , where B m and £^ are the highfield capture coefficient and effective well capturing field determined by the MQW structure. 1 . In this article, we will simply take P c = 0.5 as an example since it does not change the qualitative features predicted by our model. The first two terms in Eq. (3) represent the forward contributions from capture current into the y'th QW, while the third and fourth terms represent the backward contributions from capture current into that QW. The last two terms correspond to the forward and backward tunneling currents flowing out of the j'th QW.
If electrons in QWs can be approximately viewed as a distribution of sheet charges (zero-thickness), we get the following boundary conditions 2 from the Maxwell equations for two local fields on both sides of the /th QW:
e 0 e r (4) where quantum properties of an electron gas in a QW have been ignored, n 2D is tne electron number density in equilibrium, _/=!, 2,...,N, and e r is the relative dielectric constant 
i=l and L t =L B +N(L B +L w ) is the total length of the MQW structure in Fig. 1 . Combining Eqs. (3) and (4) for forward contributions we know that the sum of the displacement and conduction currents is a constant for P c = 1, i.e., 
B. Quantum charge fluctuations
It has been known for a long time that a uniform-field distribution will underestimate or overestimate the sequential-tunneling current in MQWs at high or low voltages, respectively, 5 while the charge density will remain in its equilibrium value even when the uniform electric field is an ac field. In the classical field-domain model, 2 ' 5 quantum properties of electrons in QWs have been ignored. On the other hand, it has also been shown that the quantum nonadiabatic effects give rise to a residual current at zero ac applied voltage due to a space-charge-field effect in the presence of a uniform ac electric field.
3 ' 4,9 ' 10 Therefore it is very important to include, simultaneously, both the classical fielddomain effect and the quantum nonadiabatic effect on the sequential tunneling of electrons in MQWs when an ac electric field is applied to the sample.
When the quantum nonadiabatic effect is included, Eq. (3) fory'= 1, 2,...,N should be modified to
where the last term represents the nonadiabatic increase of which contains a "quantum displacement" current due to charge density in the 7'th QW, £y(t) is the nonadiabatic ' C QW as a source term. The nonadiabatic change of current space-charge field in the 7'th QW, <S is the cross-sectional density in Eq. (7) 
which includes both conduction and dielectric displacement currents, where the last term represents the displacement current from the geometric capacitance. In this case, the inflowing injection current is not equal to the out-flowing conduction current from the sample due to dpj(t)/dt¥=0. On the other hand, for V b (t)<0 we have 
In steady state, however, there is no nonadiabatic chargedensity fluctuation, and the total measured current density is mainly determined by the injection current, which is given
which can be modified by the local field at the emitter barrier. Moreover, due to dpj(t)/dti=0 in non-steady state we can define a total effective differential capacitance for the MQW structure
which is time-dependent and different from both C 0 and CQWFrom Eq. (9) we know that both the field-domain and nonadiabatic effects will cause charge density fluctuations in QWs in the presence of an ac electric field. The quantum capacitance C QW only enters into Eq. (6) for the chargedensity fluctuations but not into Eq. (10) for the total measured current density ^s (±) (f)-Instead, the conduction current is modified by the nonadiabatic space-charge field £ m (0 which is induced by the "quantum displacement" current as shown in Eq. (7). On the other hand, the geometric capacitance C 0 directly modifies the total measured current in Eq.
(10) as a contribution from the dielectric displacement current but does not enter into the charge fluctuations in Eq. (6) . When only the forward contributions are included, the sum of dielectric displacement and conduction currents flowing into and out of a QW is a constant for P c = 1. Because the conduction current flowing into the first QW is simply the injection current from the contact layer, the change in the conduction currents flowing into different QWs is determined by the variation of the dielectric displacement currents due to the nonuniform electric-field distribution inside the whole system. From Eq. (7) we further find that even under a uniform ac electric field, the nonadiabatic conduction current density flowing through each QW is not equal to the sum of adiabatic sequential-tunneling current flowing out of the QW and the "quantum displacement" current density 
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The first three terms in Eq. (14) represent the contributions from field domains. The last two terms come from the main quantum nonadiabatic contributions. The other small nonadiabatic terms associated with the relative change in charge (15) which reduces to the previous result 4 ' 9 ' 10 for the case of a uniform ac electric field.
NUMERICAL RESULTS AND DISCUSSIONS
In this section, we present numerical results for distributions of both local fields and charge densities in a MQW sample. We first concentrate on effects of classical charge fluctuations described by Eqs. (3)-(5) for non-steady state. After this, effects of quantum charge fluctuations will be addressed based on Eqs. (5)- (9) .
The sample we consider in this article is an AlGaAs/ GaAs MQW structure. The total number of QWs is N= 10, with 11 barriers. The parameters for this sample are: well thickness L W -1S A, barrier thickness L B =339 Ä, barrier height V 0 = 224.5 MeV, electron effective mass m* = 0.065 m 0 with free electron mass m 0 , electron areal density «2D = 5X10 U cm -2 , contact-layer electron concentration M C =6X10 17 cm -3 , cross-sectional area <S=10~4 cm 2 , capture probability P c =0.5, saturation velocity v s =2 Xi0 6 cm/s, saturation field £ i =2kV/cm, and relative dielectric constant e r =12. The ground-state subband edge is calculated to be E 0 = 44.l MeV. The voltage is defined to be V b {t) = £J.t)L t with £Jit) = £ ü sm.{2irtlt p ) for *s=0, where the field amplitude £ 0 = 5kV/cm and the time period t p = 0.1 s. The changes in the sample parameters for the numerical calculations will be indicated in the figure captions.
[For typical MQW photodetectors, the ground and excited states are designed to be bound and quasi-bound, respectively. However, for V 0 =224.5 meV the choice of L w = 75 A and Lg=339 A leads to two lowest bound states in QW. Since we only study in this article the effects of classical and quantum charge fluctuations on the dark current, the selection of excited state does not change the qualitative features predicted by our model.]
We first show in Fig. 2(a) a comparison between the experimental data and the theoretical result from our generalized model in Eqs. (5)-(9) at r=40 K. This comparison highlights the importance and uniqueness of the nonadiabatic tunneling effect included in our generalized model. From Fig. 2(b) we clearly observe a nonzero residual current from the experiment when the ac voltage is swept through zero, this phenomenon cannot be understood at all by Levine's adiabatic tunneling model 1 which has been widely applied to study dark current in quantum-well photodetectors. However, the nonzero residual current observed experimentally has been .successfully reproduced and explained by £™{i) #0 due to the nonadiabatic tunneling effect which is the spirit of our generalized model presented in Eqs. (5)- (9) of this article. 
A. Effects of classical charge fluctuations
We show in Fig. 3 the local fields Eft) -Ej^t) in different layers [in (a)] and the density fluctuation nft) -n 2D in different QWs [in (b)] at several times tlt p for T=ll K. From (a) we find that the field-domain effect is negligible at t/t p = 0.05 (very small applied field) because both the injection current J^ and the sequential-tunneling current J^D are both extremely small in this case. With the increase of EJj), i.e., tlt p increases -from 0.05 to 0.25, fields close to the emitter barrier are enhanced dramatically relative to the uniform field £^(t). This is a result of the huge current imbalance r 3D r 2D
/"j! <J i under the uniform field E^t), as explained in Fig.  1(b) . At the same time, fields close to the receiver barrier are suppressed almost to zero. From Fig. 3(b) we find that when £ ac (f) is large, densities close to the emitter barrier are greatly reduced with respect to the equilibrium value n 2D . This is accompanied by a great enhancement of the local field E 0 {t)>£ac(f) at the emitter barrier, as shown in Fig.  3(a) . However, densities close to the receiver barrier remain near to n 2 o due to the suppressed local field £#(r)«=0. It is obvious from Fig. 3 Fig. 4(a) we find that the field-domain effect is negligible at r«65 K due to very small injection and sequentialtunneling currents at these temperatures. The bigger the field amplitude E 0 is, the larger Eft) will be. A smaller t p leads to a negative Eft) on the receiver barrier due to the strong nonsteady effect. This is completely different from the steady-state results in Refs. 1 and 5 in which E^t) will always be positive. Furthermore, we find from Fig. 4(b) that the smaller the number of QWs N is, the lower Eft) is. The increase of « 2D causes a larger sequential-tunneling current, leading to a larger value of Eft) due to an enhanced current imbalance between J 3^ and j] D . Conversely, the increase of n c introduces a bigger, injection current, leading to a smaller value of Eft) due to a suppressed current imbalance between 4? and jf. Fig. 5(a) , -C^r) becomes bigger in Fig.  6(b) . From an experimental point of view, the conduction current detected by the receiver, as described by Eq. (14) without the last term, is of great interest. We show in Fig.  6 (a) the conduction current as a function of time t/t p . In order to see the effects of classical charge fluctuations, we compare the conduction current calculated from Eq. (14) by excluding the last term and setting £™(t) = 0 (solid curve) with the current calculated from Eq. (2) by setting £ k (t) = £^(0 for a uniform electric field and n k {f) = n 2 x> (dashed curve). When £ ac (0 is small with tlt p^0 .Q5, solid and dashed curves agree very well due to ^O^^acW as seen from Fig. 3(a) . However, the solid curve falls below the dashed curve after f/r p = 0.05 arid then changes sign when t/t p >0.1. The solid curve in (a) can qualitatively be explained by Fig. 3(a) , where with the increase of t/t p , £^t) starts at £ ac (f), and then becomes negative, and finally approaches zero. The negative conduction current observed in (a) is a direct result of our non-steady-state conditions, which is completely different from those in Refs. 1 and 5 for steady state.
To summarize the above observations, effects of classical charge fluctuations only play a role under the condition of a large imbalance between the injection and sequentialtunneling currents near the emitter barrier. This can be achieved by increasing either the temperature T or the field amplitude £n .
B. Effects of quantum charge fluctuations
Effects of classical charge fluctuations depend on the geometric capacitance C 0 , as shown by Eq. (4). However, the quantum capacitance C QW starts to play a role when the nonadiabatic effect is included, as seen from Eq. (9) . The striking thing is that the effects of quantum charge fluctuations become more and more important as T"^ 65 K, while the effects of classical charge fluctuations are negligible at these temperatures. We compare in Fig. 7 two calculated nonadiabatic fields £" a (r) at r/^=0.25 as a function of well index; for 2"= 40 and 77 K. From the figure we know that £ m (t) decreases with j due to field-domain effects at T =77 K. However, £™(f) becomes independent of / at T = 40 K. More importantly, £]\t) increases with reducing T.
The effect of nonadiabatic field £" a (0 can be seen more clearly from the calculated local fields £j(t) -^{t) in different barrier layers in Fig. 8(a) and density fluctuations n j(.0~n2D ™ different QWs in Fig. 8(b) at ^=0.25 .with various values of £ 0 , t p , and T. By comparing solid and dashed curves in (a) we find that £ 0 (f) is reduced by a factor of 2 as £ 0 =5kV/cm, t p =0.1 s, and 7== 77 K (squares). Moreover, £ 0 (f) decreases even more due to £°a(f) when t p is reduced to 0.05 s (stars) due to stronger nonsteady effects, but it decreases much less When T is reduced to 40 K (triangles) due to smaller injection and sequential-tunneling currents. However, £ 0 (r) is enhanced by nonadiabatic effects when £ 0 is reduced to 1 kV/cm (circles). All of these features have a strong influence on C^(t), as discussed in Fig. 6(a) . On the other hand, from (a) we also find that £ N (t) becomes a much more negative value for £ 0 = 5 kV/cm, t p = Q.l s, and T= 77 K when £°a(0 is included in our calculations (solid curve with squares) than when it is excluded (dashed curve with squares). The same situation occurs when either t p is reduced to 0.05 s (stars) or £ 0 is reduced to 1 kV/cm (circles) but with a smaller overall magnitude compared to the curves with the squares. As explained in Fig. 6(b) , the features observed for £#(r) in Fig. 8(a) will affect the conduction cur- (black/blue curves), and T (black/ green curves). Sj(t)-£Jt) are compared in (a) with (solid curves) and without (dashed curves) £™(r), and the similar comparisons of «(f) -n 2D are presented in (b). The changed parameters are indicated in figures. The other parameters used in calculations are the same as those in Fig. 3. rent detected at the receiver layer. Effects of quantum charge fluctuations are reflected in the calculated n 7 -(r) -n 1X) in (b), where the reduction of charge in the QWs is greatly increased except for the case with a small value of £ 0 (circles). Although there is a strong dependence of £ y (r) on index j near the emitter harrier, there is very little dependence of rij(t) on j there after £™(t) is included in the calculations.
IV. CONCLUSIONS
In conclusion, by including nonadiabatic space-chargefield effects we have generalized the previous theories for studying field-domain effects in MQW photodetectors in the presence of an ac voltage. We have found from our numerical calculations that field-domain effects are only important at high temperatures or high voltages, which implies the existence of significant injection and sequential-tunneling currents in the system. We have further found that nonadiabatic effects "become much more visible at low temperatures and low voltages when the field-domain effects are negligible. The time duration for nonadiabatic effects has been found to relate to the quantum capacitance, while the dielectric displacement current has been shown to be controlled by the geometrical capacitance. For non-steady state, we have found a negative differential capacitance in the system, and we have predicted a negative conduction current under a positive voltage. i In this article, we have assumed that the capture probability is independent of electric field. This can be justified by the fact that the capture probability is near a constant at low electric fields. In the presence of incident photons, the conduction current flowing through the MQW sample will be the sum of sequential-tunneling and photoexcited currents. From our studies in this article, we predict that the field domain effects which are significant at high temperatures or high photon fluxes will strongly affect both tunneling-and photo-currents. On the other hand, nonadiabatic effects modify these currents at low temperatures and low photon fluxes when the current flowing through MQWs is large. These latter conditions are of utmost importance in any space-based detector applications.
One of the main results of this work is the prediction of the dominance of field-domain effects at 77 K and above and the dominance of nonadiabatic effects at 40 K and below. The experimental observation of anomalous nonadiabatic behavior in sequential-tunneling current at low temperatures and the suppression of it at high temperatures has already been demonstrated.
2 ' 3 For a bound-to-bound multiplequantum-well photodetector, if there exists only one negative-differential-conductance peak at a voltage predicted by a uniform-field model at low temperatures, it is an indication of the suppression of the field-domain effect. 
